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Abstract One‐second wind data on the West Florida Shelf were used to examine turbulent scales from
large eddies to small eddies in the atmospheric surface layer within a frequency band from 0.02 to 0.3 Hz
(periods from ~1 min to ~3 s). Data were collected at two at‐sea locations spanning 6.5 months. Three events
in three wind ranges were examined in exploring the one‐dimensional turbulent power spectra: >14 m/s,
wind range I; those between 10 and 14 m/s, wind range II; and those between 5 and 10 m/s, wind range III.
Events consisted of ensembles of abutting 30‐min subsets spanning 5.5 to 23 hr. The mean vector wind time
scale of T0 = 30 min was found to be reasonable for the West Florida Shelf region. The first wind range
provided the best results, more or less in line with a Kolmogorov −5/3 power law whose mean vector
wind speed over 21 subsets (10.5 hr) was nearly 15 m/s. The one‐dimensional turbulent power spectra
provided an estimate of the dissipation rate (ε) from which other turbulent quantities could be computed: u*,
τ, and Cd (the frictional velocity, the surface stress, and the drag coefficient, respectively). The salient point
here is that these quantities were larger than those from previous observational studies. Where the
power law was not operant intrinsic turbulent spatial scales ranged from 1 to 0.1 m and provide evidence of
anisotropy for frequencies greater than 0.1 Hz.

Plain Language Summary Wind data sampled at 1 Hz were collected at two at‐sea locations on
the West Florida Shelf where data common to both moorings span roughly 6.5 months. We showed that a
mean vector wind time scale of T0 = 30 min is reasonable for the West Florida Shelf domain. Three wind
ranges were examined from which the one‐dimensional turbulent power spectra allowed estimates of
turbulent parameters crucial in developing momentum flux algorithms used in numerical models of both
the atmosphere and the ocean. Turbulence parameters were found to be larger than expected suggesting that
improving flux algorithms should be a high priority.

1. Introduction

Local wind forcing on the West Florida Shelf (WFS) is a principal component in forcing the regional coastal
ocean circulation together with buoyancy fluxes and interactions with the shelf slope by the Gulf of Mexico
Loop Current and its eddies (e.g., He &Weisberg, 2003;Weisberg &He, 2003). The local wind forcing is espe-
cially important on the inner shelf that extends out to about the 50‐m isobath (e.g., Li &Weisberg, 1999). The
background state for the seasonal variability along the shelf is upwelling favorable from fall to springmonths
(October–April) and downwelling favorable during summer months (June–September; Weisberg et al.,
2009). The complexity of the regional shelf circulation requires accurate wind forcing fields for application
in numerical models and entails assimilating wind observations to provide an accurate wind forecast.
Without accurate wind forecasts the resulting model circulation fields would either be underestimated or
overestimated, which would compromise their application in coastal ocean state variable estimation and
hence water particle trajectories that impact the environmental distribution of the biosphere and anthropo-
genic pollutants. Thus, improving our understanding of coupling at the air‐sea interface (fluxes of momen-
tum and sensible and latent heat) is the key for improving models of both the atmosphere and the ocean
where both vary over a broad range of spatial and temporal scales.

The context for this study of turbulence scales is provided in Mayer et al. (2017) where the wind forcing
field was examined in great detail with salient comparisons of National Oceanographic and Atmospheric
Administration's (NOAA) National Center for Environmental Prediction reanalysis wind fields (National
Center for Environmental Prediction winds) with five University of South Florida Coastal Ocean
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Monitoring and Prediction System buoys and seven of NOAA's National
Ocean Service and National Weather Service, National Data Buoy
Center stations or buoys spanning a 10‐year period. These background
state mean fields are consistent with those described in Weisberg et al.
(2009) and also consistent with the winter and summer fields as given
in Liu and Weisberg (2012), where there is a clockwise rotation from
winter to summer with much larger amplitudes in winter showing
variability dominated by the synoptic weather band (periods from 10
to 3 days). The specific comparisons in Mayer et al. (2017) were
designed to provide a rationale for improving the coupling schemes at
the air‐sea interface and are not relevant in this study. Our objective
here relates to examining the highest frequencies of the wind variability
available within a subset of the above described wind data set where
most of the wind analyses dealt only with hourly winds and are not sui-
table for looking at coupling schemes.

The analysis domain is provided in Figure 1 and covers an area from 24
to 29°N and from 86 to 81°W. The along‐shelf scale of the WFS is
approximately 550 km northwestward along the 50‐m isobath. The
across shelf scale is approximately 150 km from the shoreline to the
shelf break. However, the wind data described in Mayer et al. (2017)
provides 1‐s winds only at two of the moorings (C10 and C13) and only
during the years 2013 and 2014. The mooring C10 is 33 km from shore
and that at C13 is 122 km from shore. At these distances the data col-
lected here for 309 and 347 days, respectively, qualify as at‐sea
(>20 km) observations as described by Harper et al. (2009) and are thus
in a domain where there are few direct observations over open water.
Despite the more than 120‐km distance between them, the low‐

frequency coherence between the winds at C10 and those at C13 is near 0.9 at the 99% significance level
as described in Mayer et al. (2017) with essentially no lag within the 6‐hr sample intervals and their rela-
tive wind angles within 2°.

The frequency bands of interest here extend over a hierarchy of turbulence scales beginning with a pro-
duction range (injection of energy) with large eddies (integral length scales, Sciremammano, 1979)
through a universal equilibrium range that spans an inertial subrange (Kaimal et al., 1972; Lumley,
1967; Miyake et al., 1970), which is a flux of energy through smaller eddies (Taylor microscales, Taylor,
1935), and a dissipation range with the smallest eddies (Kolmogorov length scales, Kolmogrov, 1941).
This is based on the Kolmogorov similarity hypothesis where local isotropy (having no preferred direc-
tion) of small eddies have evolved from decay of much larger eddies through an equilibrium transfer of
energy in the inertial subrange (MacCready, 1962). From Harper et al. (2009), these frequency bands
are qualitatively defined in a universal (canonical) spectrum spanning periods from 1,000 hr (42 days)
to 0.001 hr (3.6 s). These include the synoptic band, periods from 10 to 3 days, the mesoscale band (per-
iods from a day or so through diurnal, semidiurnal to hourly) and the microscale band (periods from
hourly through a few seconds). For applications with data described herein these frequency bands are
sketched in Table 1.

What follows is an effort to improve our understanding of coupling at the air‐sea interface with an
emphasis only on the momentum fluxes considering the limitations of our data set, 1‐s winds, and the
transfer of energy within the microscale band to the dissipation band from ~0.02 to 0.3 Hz (periods from
~1 min to ~3 s). Our ultimate goal is to improve the model ocean circulation fields and the model atmo-
spheric physical processes as well over the WFS domain. However, our focus here is on the smallest
scales not heretofore available with our older wind data sets that were limited to only hourly data.
Analysis of the 1‐s winds relate directly to the transfer of momentum to the sea surface or the time rate
of change of energy per unit mass (dissipation rate, ε), with the latter having units in square meters per
cubic second.

Figure 1. Analysis domain showing NOAA and COMPS stations. NOAA
stations are the red triangles and the COMPS stations are the green circles.
COMPS = Coastal Ocean Monitoring and Prediction System;
NOAA = National Oceanographic and Atmospheric Administration.
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2. Data

To provide a low‐frequency context for the 1‐s wind analyses the observations were 40‐hr low‐pass filtered
(using a fifth‐order Butterworth filter, 6 dB down at 39 hr and 20 dB down at 32 hr) and resampled every
8 hr. The results are plotted in Figure 2.

This separates the higher frequencies—the focus of our present analysis—from the lower frequencies with
periods longer than 2 days that describe regional wind variability from seasonal to synoptic (associated with
the passage of frontal systems). Note the diminished wind speeds during summer usually beginning in June
and ending in September.

The 1‐s wind observations were obtained using a 1405‐PK Gillwindsonic anemometer. The instrument out-
put does not include the vertical wind component but provides the horizontal velocity directly in terms of the
eastward and northward components every second and so this might be considered an instantaneous mea-
surement. The wind coordinates are internally hard wired. The magnetic declination correction is added to
the raw data as part of our quality control procedures that also account for outliers and other issues. The
instrument is located at 3.1 m above the sea surface at the top of the buoy tower, which essentially eliminates
any flow distortion from the buoy structure. The 1‐s sample rate theoretically allows an analysis up to the
Nyquist frequency (0.5 Hz), but for reasons outlined below the highest frequencies are limited to no more
than 0.3 Hz. The time series in Figure 2 are a subset of the complete record described in Mayer et al.
(2017) along with details of the buoy moorings. For the subset of 1‐s winds there are 309 days from 10
September 2013 to 15 July 2014 at C10 and 347 days from 29 December 2013 to 11 December 2014 at C13.
All of the wind observations were referenced to 10‐m height using a neutral drag coefficient following the
method of Large and Pond (1981), the same as in Mayer et al. (2017).

The background state for the atmosphere was derived from average conditions at C10, air density (1.19 kg/
m3), temperature (22.8 °C), pressure (1,017 hPa), and relative humidity (78%). The data include all available
data at C10 from 19 August 1998 to 10 September 2013, well over 10 years. These conditions were relevant to
the derivation of wind stress described in Mayer et al. (2017).

3. Analysis
3.1. Overview

The analyses that follow consider the cascade of turbulence scales from large eddies to small eddies focusing
on a frequency range between 0.02 and 0.3 Hz (periods from ~1 min to ~3 s), although the lower frequencies

Table 1
Frequency Bands

Frequency

Days Cpd Cph Hz Period

180 5.56 10−3 2.31 10−4 6.43 10−8 6 months
90 0.0111 4.63 10−4 1.29 10−7 3 months seasonal
12 0.0833 3.47 10−3 9.65 10−7 begin synoptic
10 0.1 4.17 10−3 1.16 10−6 begin synoptic
7 0.143 5.95 10−3 1.65 10−6 begin synoptic
4 0.25 0.0104 2.89 10−6 4 days end synoptic and
3 0.333 0.0139 3.86 10−6 3 days begin mesoscale
1 1 0.0417 1.16 10−5 24 hr
0.5 2 0.0833 2.31 10−5 12 hr
0.0417 24 1 2.78 10−4 1 hr—spectral gap and
0.0208 48 2 5.56 10−4 30 min begin microscale
3.47·10−3 288 12 3.33 10−3 5 min
6.94·10−4 1440 60 0.0167 1 min
5.79·10−5 1.73 104 720 0.2 5 s begin dissipation
3.47·10−5 2.88 104 1200 0.33 3 s

Note. The values in this table were pieced together from the descriptions of a canonical wind spectrum from Harper
et al. (2009) and the discussion of the different frequency bands from Mikkelsen et al. (2017) and also from Mayer
et al. (2017), which provided the context for this work.
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from 10−7 to 10−3 Hz (periods from 116 days to ~17min) are discussed for completeness. All observations fall
well within the atmospheric surface layer of order 100 m (Kaimal & Finnigan, 1994). The higher end of the
low frequencies (periods from 1 hr to 30 min) falls within a spectral gap (Harper et al., 2009), which is critical
in organizing the data into sequences of mean wind time scales (T0 = 30 min) where the observations are
more or less quasi‐stationary and from which velocity and spatial scales of turbulence can be estimated.
The context here examines turbulence scales against Kolmogorov's similarity hypothesis, which provides
a physical basis for describing what follows, particularly if there is evidence of anisotropy.

The limitations of our analyses relate to both the sample rate of 1 Hz and the absence of vertical velocity
observations. Accurate measurements of turbulence require a sample rate greater than 5 Hz (Harper et al.,
2009). Despite this, substantive results can be obtained with the lower sample rate as described in Zhang
et al. (2011). As will emerge any frequencies exceeding 0.3 Hz are seriously compromised by either buoy
mooring motions or energy that is aliased from the very high frequencies, so these frequencies will be
ignored. However, not having direct measurements of the vertical component of velocity is an issue that
can be avoided by utilizing the −5/3 power law, if applicable for the one‐dimensional turbulent power spec-
tra. This is described by MacCready, (1962), Large and Pond (1981), Yelland and Taylor (1996), and more
recently Zhang et al. (2009, 2011) where the spectra can be derived with either a frequency or wave number
rendition. The wave number version from MacCready (1962) is ф(k) = Ck < ε > 2/3k−5/3. Units are in cubic
meters per square second, k is the wave number, Ck is the Kolmogorov constant and is equal to 0.5, an
approximation used by Zhang (2010) and is supported by experimental results from Sreenivasan (1995),
and ε is the dissipation rate described above (m2/s3). This is the source but, as it relates to the frequency
domain, is equivalently ф(f) = Ck < ε′>2/3f−5/3 with units square meters per second. The difference here is
that ε is scaled with ε′ = ε (U0/2ᴫ) and the quantity U0 is the along mean vector wind speed. For the dissipa-
tion rate the frequency rendition as derived by Zhang et al. (2009) is ε = Ck

−3/2 (2ᴫf/U0)(fф(f))
3/2. The quan-

tityф(f) is the one‐dimensional turbulent power spectra (spectral density, m2/s2/Δf) withΔf as the resolution

Figure 2. Comparison of 40‐hr low‐pass‐filtered Coastal Ocean Monitoring and Prediction System observations at C10
and C13.
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frequency (c/s). For completeness the wave number version is ε = Ck
−3/2 (k) (k ф(k))3/2 with the wave

number (k) equivalent to 2ᴫf/U0. Alternatively, the spectra can also be derived as k ф(k) = Ck < ε > 2/3k
−2/3 (a 2/3 power law) in terms of the wave number or as f ф(f) = Ck < ε′>2/3f−2/3 in terms of the
frequency (both with units in square meters per square second). For our purposes all estimates of spectra
and dissipation rate will be computed in terms of frequency.

As a prelude to the spectral analyses that follow the complete 1‐s winds are provided in Figure 3. Most large
wind excursions are a consequence of winter frontal passages. The maximum observed 1‐s wind speeds are
26.5 and 26.0 m/s at C10 and C13, respectively, and complement the low‐frequency renderings in Figure 2.
Also with respect to gusts, the maximum 3‐s average within each 30‐min subset is a 3‐s gust, and for all abut-
ting subsets spanning all the data, the maximum gust is 25.0 m/s for both C10 and C13, which is very close to
the maximum 1‐s wind speeds. Further the mean vector wind over an averaging period of 30 min
(T0 = 30 min and 1,800 s) does not exceed 16.7 m/s at C10 and 16.4 m/s at C13. So throughout the observa-
tional time period, there are no events—events that consist of ensembles of abutting 30‐min subsets span-
ning 5.5 to 23 hr—that the mean vector wind exceeds the threshold of tropical storm wind speed (17.4 m/s).

Once the spectra are examined, it will become clear that the mean vector wind time scale of 30 min is a good
choice in this WFS region. In other words, this time scale within the spectral gap allows a reliable estimate of
quasi‐stationary statistics. To this end, the composite spectral density, ф(f), for the complete data set at C10
and C13 are shown in Figure 4. These are only of wind speed and have not been separated into along and
across the mean vector wind, which for the entire record from both moorings are 1.914 m/s along a bearing
of −126.5° T (true, corrected for magnetic declination) for C10 and 1.931 m/s along a bearing of −116.4° T
for C13.

The other version of spectra using f ф(f) is in Figure 5. Note what appears to be anomalously large energy
beyond 0.3 Hz for both spectral versions. This does not obtain in Zhang et al. (2011) where their 1‐s spectra
did not show this increase beyond 0.3 Hz. We can only speculate here, as their observations were obtained
from aircraft, which suggests that buoy motion might be responsible. Another possibility is that aliasing

Figure 3. One‐second winds from Coastal Ocean Monitoring and Prediction System observations at C10 and C13.
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from much higher‐frequency turbulence that cannot be resolved with a 1‐s sample rate could also be
responsible. In any case, the spectra with frequencies above 0.3 Hz will be ignored.

With regard to the spectral gap, Figure 5 shows the region where the gap is near a period of 30 min
(~5.6 × 10−4 Hz) for both moorings. The actual minimum is closer to 10−3 Hz (~17 min). This is well within
what is described by Harper et al. (2009) regarding the spectral energy gap—periods between 3 hr up to
about 20 min between the mesoscale and the microscale—where under many different conditions over both
land and sea the energy distribution is quite flat in this frequency range and there is much less variability.
The result is that the mean is largely independent of the length of record and averaging over such periods
is consistent with the desire to have statistically stationary samples. We chose to use the time scale of
T0 = 30 min rather than a period of ~17 min because the latter would limit the number of observations
for each subset in computing the mean vector wind speed and direction and provide better resolution for
the spectral analyses that follow. Each subset provides 1,800 one‐second samples and good resolution in
the frequency domain where assumptions about quasi‐stationarity seem reasonable. The spectral gap is also
nominally described by Mikkelsen et al. (2017) lying between 10−4 and 10−3 Hz where the spectral energy is
quite low and the boundary layer turbulence is weak in this region. Above these frequencies, the turbulence
is more intense. With regard to the universal (canonical) spectrum, the plot in Figure 5 is very much in line
with that described in Harper et al. (2009) and by Mikkelsen et al. (2017) with some differences. Previous
studies on turbulent flux calculations using buoy data also used a time scale of 30 min for each flux run
(e.g., Donelan et al., 1997; Drennan et al., 1999; Fairall et al., 1996; Katsaros et al., 1993; Potter et al.,
2015; Smith, 1980).

Figure 4. Composite spectra ф(f) of wind speed derived from 1‐s winds from Coastal Ocean Monitoring and Prediction
System observations at C10 and C13. Slopes are also indicated. (a) Full spectrum for C10 showing the spectral gap
between periods of 1 hr and 30 min (red verticals). Green verticals denote the band between 0.15 and 0.3 Hz. (b) High
frequencies for C10 but showing the 90% CL and the two slopes between 0.02 to 0.09 Hz (−6/5) and that between 0.18 and
0.28 Hz (−5/3). (c) Same as in (a) but for C13. (d) Same as in (b) except for C13. CL = confidence limits; DOF = degree of
freedom.
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One salient point in the lower frequencies is the robust nature of the diurnal peak. This along with the semi-
diurnal peak is a consequence of the sea breeze. Both bracket a band of 21 frequencies whose periods span
24.9 to 23.2 hr for the diurnal band and 12.2 to 11.8 hr for the semidiurnal band. Note that that these effects
degrade seaward as the diurnal energy is significantly less at C13 than at C10 because C13 is more than
100 km farther from shore than C10. Moreover, Mikkelsen et al. (2017) provide a very thorough analysis
at several heights over land and characterizes turbulence data for frequencies whose periods are less than
about 10 min with the spectra for frequencies above about 0.02 Hz varying according to a −2/3 power law
(Figure 5) or a −5/3 power law as in Figure 4. However, for our data this is clearly not the case between
0.02 and 0.07 Hz. They also suggest that Taylor's frozen turbulence hypothesis is valid for frequencies above
the diurnal band spanning both the mesoscale and microscale range and becomes more accurate with
increasing frequency. They also posit that the shear production range of turbulence within an eddy surface
layer is extant in the frequency band between 10−3 and 10−1 Hz. For completeness the eddy surface layer is
nominally one third the height of the surface layer, which is roughly one tenth the height of the atmospheric
boundary layer (~1 km).

Acknowledging that the above spectra are not one‐dimensional but are of the wind speed, a −5/3 and
−2/3 slopes have been plotted in Figures 4 and 5, respectively, in the frequency range from 0.18 to
0.28 Hz (marginally in the dissipation range). The slopes seem to match here at C10 but at C13 the slope
appears more severe and suggests a more complicated physics than that advanced by Zhang (2010). The
slopes in the frequency range 0.02 to 0.07 Hz are slightly shallower than those between 0.18 and 0.28 Hz in
Figure 4 but are essentially the same for both C10 and C13 (~−6/5) and much shallower in Figure 5,
nearly flat.

Figure 5. Composite spectra f ф(f) of wind speed derived from 1‐s winds; 90% CL are indicated in (a) and (c). Slopes are
indicated in (b) and (d). (a) Full spectrum for C10 showing the spectral gap between periods of 1 hr and 30 min (red
verticals). (b) High frequencies for C10 but showing the two slopes between 0.02 to 0.07 Hz (−0.1) and that between 0.18
and 0.28 Hz (−2/3). (c) Same as in (a) but for C13. (d) Same as in (b) except for C13. CL = confidence limits; DOF = degree
of freedom.
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Our focus regards frequencies greater than 0.02 up to 0.3 Hz, which spans the higher frequencies of the shear
production range through the lower end of the dissipation range assuming that an inertial subrange exists
where the shear production subrange at lower wave numbers cascades through an inertial subrange, which
is balanced by the dissipation rate ε. This conceptual similarity model requires stationary and isotropic tur-
bulence, which may deviate from this picture as described by Mikkelsen et al. (2017). However, these
assumptions have been used in other situations as in Zhang et al. (2011) where they assert that reasonable
estimates of turbulent quantities can be derived by real observational data, albeit not near the surface as their
observations were obtained aloft in an aircraft. Whether or not local isotropy and Kolmogorov's similarity
hypothesis applies is a question that needs to be addressed where there are deviations as provided in the
spectral plots in Figures 4 and 5.

3.2. Three Wind Ranges

What follows is an attempt to explore the one‐dimensional turbulent power spectra described above. We will
look at the statistics‐variability of the mean vector wind using the (T0 = 30 min) time scale. This provides a
set of independent subsets as described below by virtue of an integral (independence) time scale and appears
to be a good choice for the regional variability on the WFS as shown above (Figure 5). Our approach will
identify several events for each mooring in three wind ranges: those exceeding 14 m/s, wind range I; those
between 10 and 14 m/s; wind range II; and those between 5 and 10 m/s, wind range III. These are approxi-
mately a Beaufort range of near gale, fresh‐to‐strong breeze, and moderate breeze, respectively. As will
emerge each event is characterized by an ensemble of T0 (30 min) abutting subsets that span the event
and each subset is one member of the ensemble. All relate to synoptic spring and winter frontal passages
confined to the data that overlap in time, approximately 6.5 months. The time spanning each event ranges
between 5.5 and 23 hr. Mean vector wind speed and directions were computed for each subset within the
ensemble comprising a given event and are more or less synoptic, with a caveat that allows for a delay of
frontal movement between C10 and C13 from 1 to 6 hr. The highest wind range (I) exhibits the least delay
and is almost synoptic with the largest delay at the lowest wind range (III). The data in Table 2 provide the
mean vector wind statistics for each event along with the dates and duration of each.

For the ensemble means in Table 2, the values for σ were used in computing € (standard error) = σ/√η,
where η is the number of degrees of freedom (DOFs), which is defined as η = T0/tI. The quantity tI is the
integral (independence) time scale defined as in Sciremammano (1979). This integral scale is also consistent
with that described in Yu et al. (2008). For the 1‐s winds in each subset, this scale is of order from 1 to 3 min

based on the large lag standard error = 1/√η. For the worst case of tI = 3 min (180 s), DOF > 10 for each
subset. This together with a minimum event time span of 5.5 hr (11 subsets of 30 min each) provides values
for DOF > 110. The standard error (€) then reduces the values of σ by at least one tenth and is a strong argu-
ment for advancing a context of quasi‐stationarity for the ensemble of subsets within each event.

To visualize the nature of this variability a scatter plot of one member of the ensemble in wind range I for
both C10 and C13 is provided in Figure 6 before the data were detrended otherwise all the values would
be clustered about the origin. Although this is only one subset of a 5.5‐hr event, the balance of the other
ensemble members are essentially equivalent. This applies to the other two wind ranges as well except for
smaller vector mean winds thus rendering unnecessary any more plots. Note here that the turbulence inten-
sity (TI) is provided as TIA, intensity along the mean vector wind, and TIX, intensity across the mean vector

Table 2
Mean Vector Wind Statistics for Three Events in Three Wind Ranges

Time span Mean wind (m/s) Direction (° true)
Wind range Mooring Date (hr) ±σ ±σ

I C10 1/07/2014 5.5 14.97 ± 0.49 162.9 ± 2
II C10 5/16/2014 9.5 11.44 ± 0.45 175.9 ± 10
III C10 5/04/2014 23 7.49 ± 0.46 172.2 ± 9
I C13 1/07/2014 10.5 14.97 ± 0.52 167.2 ± 4
II C13 5/16/2014 9 11.65 ± 0.43 −175.1 ± 2
III C13 5/04/2014 22 7.07 ± 0.96 −178.5 ± 9

Note. Wind ranges: I > 14 m/s, II = 10 to 14 m/s, and III = 5 to 10 m/s.
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wind. The values are based on detrended data in the along and across wind coordinate system as TI = σ/U0,
where σ is the standard deviation along and across the mean vector wind speed and U0 is the along mean
vector wind speed. The salient point here is that the TIA values are roughly half that of the TIX values.

3.3. Composite Spectra

The composite one‐dimensional turbulent power spectra, ф(f) of detrended data for the three wind ranges
described above, are provided in Figures 7–9 for wind ranges I–III, respectively. To be clear, as described
above, an ensemble of 30‐min subsets define an event. Spectra for each subset were averaged over all mem-
ber subsets. So in wind range I, for example, in Figure 7, there are 11 subsets of spectra for C10 and 21 subsets
for C13. Our goal here is to better understand how momentum flux is transferred to the sea surface in the
context of Kolmogorov's similarity hypotheses requiring isotropy. Where there are events that deviate from
this paradigm, we can still compute the intrinsic velocity and spatial scales directly from the turbulence spec-
tra providing intelligence on processes that may be anisotropic.

Although the spectral plots span frequencies from 0.01 to 0.3 Hz, it seems that the most salient results could
be derived from frequencies greater than 0.1 Hz as in Zhang et al. (2011), which is the lower end of the dis-
sipation range and also assuming a priori that an inertial subrange exists. This would be consistent with
Kolmogorov's hypotheses where eddy motion is assumed to be independent of viscosity and determined
entirely by the rate of energy transfer, which is equal to the rate of energy dissipation ε at higher frequencies.

So there are two dimensions to what follows. The first relates to calculations of the dissipation rate and
related quantities, unfortunately in only a narrow frequency band where the −5/3 law seems to be more
or less valid. The second relates to the intrinsic turbulent velocity and spatial scales that can be derived
directly from the spectra at other frequencies. These are the scales of turbulent fluctuations but not necessa-
rily the eddy scales.

From Figures 7 and 8, between 0.15 and 0.25 Hz, the slopes for wind range I are −4/3 and −5/3 for C10 and
C13 and for wind range II they are −4.4/3 and −6/3, respectively. So these slopes range from −4/3 to −6/3
and bracket a−5/3 slope. Arguably, these are not exactly −5/3 but are close enough to derive the dissipation
rate ε= Ck

−3/2 (2ᴫf/U0) (f ф(f))
3/2 where the quantity ф(f) is the computed one‐dimensional turbulent power

spectra. So with ε the frictional velocity u* = (ε ҡ z)1/3 follows where ҡ is the Von Karman constant equal to
0.4 and z is the measurement height (10 m). With u* you can compute the momentum flux τ = ρ u* 2 (Pa or
N/m2) and then the drag coefficient Cd = (u*/U0)

2. Of note, estimating the momentum flux using the dissi-
pation rate is based on the assumption that the shear production balances the dissipation rate in the

Figure 6. A representative 30‐min subset during a wind range I event over 5.5 hr on 7 January 2014 at C10 and C13. Each
dot is one observation of a 1,800‐s sample. TIA and TIX are TI (turbulence intensity) along and across the mean vector
wind, respectively. Here TI is defined as TI = σ/U0, where σ is the standard deviation along and across the mean vector
wind. Speeds exceed 16 m/s along a bearing of 163° to 165° T.
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turbulent kinetic energy budget in the inertial subrange, the so‐called inertial dissipation method that has
been widely used in air‐sea flux studies (e.g., Drennan et al., 2005; Dupuis et al., 1997; Edson et al., 1991;
Fairall & Larsen, 1986; Large & Pond, 1981; Taylor & Yelland, 2001; Yelland et al., 1994, 1998; Yelland &
Taylor, 1996). Here we use ρ = 1.19 kg/m3 as described above for the atmospheric background state with
these calculations confined to the frequency range from 0.15 and 0.25 Hz for only wind ranges I and II as
the −5/3 power law does not apply in wind range III.

3.4. Dissipation Rate (ε) and Other Quantities

From Figures 7 and 8 for wind ranges I and II we can estimate the dissipation rate ε and the other quantities
described above: u*, τ, and Cd. Their statistics are summarized in Table 3 for the first two wind ranges over
the frequency range from 0.15 and 0.25 Hz. Quantities are mean (μ), standard deviation (σ), maximum
(max), and minimum (min).

Figure 7. Composite one‐dimensional spectra ф(f) of along mean vector wind speed derived from 1‐s winds for C10 (left
panel) and C13 (right panel) in wind range I from 0.01 to 0.3 Hz; 90% CL are indicated. This is a composite of 11 T0 = 30‐
min subsets for C10 and 21 subsets for C13 occurring on 7 January 2014. The−5/3 slopes are shown in the frequency band
from 0.15 to 0.25 Hz. The vertical lines denote frequencies of 1/60, 0.07, 0.09, 0.15, and 0.25 Hz. Actual slopes are ~−5/3 Hz
between the first two vertical bars and ~−4/3 Hz for the second two vertical bars for C10. For C13 these are ~−2.4/3 and ~
−5/3 Hz, respectively. DOF > 460. CL = confidence limits; DOF = degree of freedom.

Figure 8. Composite one‐dimensional spectra ф(f) of along mean vector wind speed derived from 1‐s winds for C10
(left panel) and C13 (right panel) in wind range II from 0.01 to 0.3 Hz; 90% CL are indicated. This is a composite of
19 T0 = 30‐min subsets for C10 and 18 subsets for C13 occurring on 16 May 2014. The −5/3 slopes are shown in the
frequency band from 0.15 to 0.25 Hz. The vertical lines denote frequencies of 1/60, 0.07, 0.09, 0.15, and 0.25 Hz. Actual
slopes are ~−2.6/3 Hz between the first two vertical bars and ~−4.4/3 Hz for the second two vertical bars for C10. For C13
these are ~−3/3 and ~−6/3 Hz, respectively. DOF > 750. CL = confidence limits; DOF = degree of freedom.
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Although these statistics are over a very narrow frequency band by necessity considering the 1‐Hz sampling
interval, the slopes from Figures 7 and 8 are very close to −5/3 especially for C13 in wind range I and nearly
so for C10 in wind range II. Moreover, Zhang et al. (2011) point out that “1 Hz data cannot ordinarily capture
the whole spectrum of turbulent energy.”Nevertheless, “this limitation notwithstanding we believe that the
1 Hz data have their merit for estimating turbulence parameters.” Also, the narrow frequency band consid-
ered here is near the higher frequencies of the shear production range and extends through the lower end of
the dissipation range. Hence, Table 3 delineates the turbulence parameters derived from the spectrum ф(f),
and assuming that Kolmogorov's hypothesis is valid for these cases, then ф(f) = Ck < ε′>2/3 f−5/3 allows for
the calculation of the other three turbulence quantities (u*, τ, and Cd).

For these two events, the dissipation rates and drag coefficients are considerably larger than that reported by
Zhang (2010) and Zhang et al. (2011) by as much as 2 to 3 times for the drag coefficients and up to 10 times
for the dissipation rates for comparable mean vector wind speeds. This is probably because their observa-
tions were taken at altitudes above the surface layer (>100 m), while our data were collected within the
surface layer (~10 m). On the other hand, our estimates of dissipation rate are comparable to those based

Figure 9. Composite one‐dimensional spectra ф(f) of along mean vector wind speed derived from 1‐s winds for C10
(left panel) and C13 (right panel) in wind range III from 0.01 to 0.3 Hz; 90% CL are indicated. This is a composite of
46 T0 = 30‐min subsets for C10 and 44 subsets for C13 occurring on 4 May 2014. The −5/3 slopes are shown in the
frequency band from 0.19 to 0.29 Hz. The vertical lines denote frequencies of 1/60, 0.07, 0.09, 0.19, and 0.29 Hz. Actual
slopes are ~−3.5/3 Hz between the first two vertical bars and ~−6.7/3 Hz for the second two vertical bars for C10. For C13
these are ~−4.1/3 and ~−10.6/3 Hz, respectively. DOF > 1,800. CL = confidence limits; DOF = degree of freedom.

Table 3
Statistics for ε, u*, τ, and Cd Over Frequencies From 0.15 to 0.25 Hz

Wind range
I II

Mooring C10 C13 C10 C13

U0 (m/s) 14.97 14.97 11.44 11.65
ε (cm2/s3)
μ, σ 2,873, 423 1,453, 169 1,024, 96 618, 83
max, min 4,001, 2,105 1,817, 1,079 1,203, 795 770, 446
u*(m/s)
μ, σ 1.045, 0.051 0.833, 0.033 0.742, 0.023 0.626, 0.028
max, min 1.170, 0.944 0.899, 0.756 0.784, 0.683 0.675, 0.563
τ (N/m2)
μ, σ 1.303, 0.127 0.827, 0.065 0.656, 0.041 0.468, 0.042
max, min 1.628, 1.061 0.962, 0.680 0.731, 0.555 0.543, 0.377
Cd × 10−3

μ, σ 4.88, 0.48 3.10, 0.25 4.21, 0.26 2.89, 0.26
max, min 6.10, 3.98 3.61, 2.55 4.69, 3.56 3.36, 2.33

Note. μ, σ are mean and standard deviation, respectively. All quantities derived in this table stems from the −5/3 power
law.
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on buoy and ships' observations in the atmospheric surface layer in low‐
wind conditions (e.g., Donelan et al., 1997; Dupuis et al., 1997; Yelland
et al., 1998; Yelland & Taylor, 1996). However, the fidelity to the −5/3
power law is well represented for C13 in wind range I, and hence, we
are confident that the values of a little over 1,400 cm2/s3 for ε and
3.1 × 10−3 for Cd are well rendered. Here also and unique to C13 is a
well‐defined peak near 0.11 Hz well before the start of the −5/3 slope
beginning at 0.15 Hz. Note also that the values for TI are also provided
and are consistent with those in Figure 6, which is just one subset of the
5.5‐hr event.

For completeness we revisited the data for C13 in wind range I where the
−5/3 power law appears to be operant for the along mean vector wind
spectrum given in Figure 7. Using the same atmospheric background state
described above, we computed the bulk statistics for this event that con-
sisted of 21 subsets of 1,800 s each (37,800 observations) using the 1‐s vari-
able drag coefficients (Cd) as described in Large and Pond (1981). This
provided a direct route to compute u*, ε, and τ. The results yielded a drag
coefficient of Cd = 1.47 × 10−3 and values for u* = 0.574 m/s, ε = 476 cm2/
s3, and τ = 0.39 N/m2, which are roughly one half, two thirds, one third,

and one half, respectively, of those in Table 3. So whether or not this particular event with mean vector wind
speeds of 14.97 ± 0.52 m/s is consistent with Kolmogorov's similarity hypotheses, is a question that needs to
be addressed, especially where bulk estimates of turbulence parameters underestimate the statistics in
Table 3 by a factor of approximately 2 or more.

3.5. Velocity and Spatial Scales

Although there is a large range of frequencies that are not amenable to a −5/3 power law, we can still com-
pute the intrinsic turbulent velocity and spatial scales for all three wind ranges derived directly from ф(f)
with U(f) = (2Δf ф(f))1/2 where U(f) and ф(f) are either along or across mean vector wind components
and spectra, respectively. The intrinsic spatial scales follow with L(f) =U(f)/f. The base length scales can also
be derived simply with Lb = U0/f.

The intrinsic turbulent velocity and spatial scale statistics for all three wind ranges are summarized in
Table 4 and plotted in Figures 10–12. As in Figures 7–9, the velocity and spatial scales span frequencies from
a little higher than 0.01 up to 0.3 Hz. The base length scales (Lb) vary from 1,220 to 50 m for wind range I, 930
to 40 m for wind range II, and 600 to 25 m for wind range III. With regard to the intrinsic scales L(f) and U(f),

Table 4
Statistics for L(f) and U(f) Over Frequencies From 0.15 to 0.25 Hz for Wind
Ranges I and II and Frequencies From 0.19 to 0.29 Hz for Wind Range III

Wind range
I II III

Mooring C10 C13 C10 C13 C10 C13

U0 (m/s) 14.97 14.97 11.44 11.65 7.49 7.07
Lu (cm)
μ 41.5 33.4 27.3 23.3 10.8 9.06
σ 10 9.3 7.8 7.3 3.2 3
Lv (cm)
μ 69.9 59 51 47.6 21.5 16.9
σ 16.5 9.9 11.6 11 3.5 2.7
Uu (cm/s)
μ 8.02 6.42 5.24 4.46 2.49 2.09
σ 0.73 0.81 0.72 0.71 0.42 0.42
Uv (cm/s)
μ 13.54 11.51 9.87 9.22 5.08 3.98
σ 1.23 0.3 0.76 0.76 0.27 0.19

Note. Subscripts u and v refer to along and across the mean vector wind,
respectively; μ, σ are mean and standard deviation, respectively.

Figure 10. Intrinsic velocity and spatial scales derived from 1‐s winds for C10, (left panel) and C13 (right panel) for
wind range I from 0.01 to 0.3 Hz. This is a composite of 11 T0 = 30‐min subsets for C10 and 21 subsets for C13 occurring on
7 January 2014. The vertical lines denote frequencies of 1/60, 0.15, and 0.25 Hz. Spatial scales are solid, and velocity scales
are dashed. DOF > 460. DOF = degree of freedom.
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whether along or across the mean vector wind, the spatial scales are all of order 2 to 0.2 m across all the fre-
quencies but in the range from 0.15 to 0.25 Hz, the spatial scales (Table 4) in wind ranges I and II are of order
0.2 to 0.7 m and 0.1 m in wind range III (0.19 to 0.29 Hz). In these same frequency bands, speed scales are of
order 4 to 14 cm/s in wind ranges I and II and 2 to 5 cm/s in wind range III. In particular, the fidelity to the
−5/3 power law as represented by C13 in wind range I for the frequencies in Table 4 provides turbulent spa-
tial scales that are 33.4 ± 9.3 cm for the along component and 59.0 ± 9.9 cm for the across component with
velocity scales of 6.4 ± 0.8 cm/s for the along component and 11.5 ± 0.3 cm/s for the across component.

Where these events significantly deviate from Kolmogorov's similarity hypotheses outside the narrowband
between 0.15 and 0.25 Hz for the first two wind ranges and for all frequencies in wind range III, the intrinsic
turbulent velocity and spatial scales are still relevant and can quantify what may be important in the energy
cascade from larger to smaller eddies. The extent to which these processes may be anisotropic could high-
light other components in the energy balance (Bewley et al., 2012). Other implications from these intrinsic
scales might yield a means for improving our understanding of coupling at the air‐sea interface (fluxes of
momentum in particular) for both the atmosphere and the ocean.

The fidelity to the−5/3 power law is in question here, the results from C13 in wind range I notwithstanding,
because from Figures 10–12 the evidence when looking at the intrinsic turbulent velocity and spatial scales

Figure 11. Intrinsic velocity and spatial scales derived from 1‐s winds for C10 (left panel) and C13 (right panel) for wind
range II from 0.01 to 0.3 Hz. This is a composite of 19 T0 = 30‐min subsets for C10 and 18 subsets for C13 occurring on 16
May 2014. The vertical lines denote frequencies of 1/60, 0.15, and 0.25 Hz. Spatial scales are solid, and velocity scales are
dashed. DOF > 750. DOF = degree of freedom.

Figure 12. Intrinsic velocity and spatial scales derived from 1‐s winds for C10 (left panel) and C13 (right panel) for wind
range III from 0.01 to 0.3 Hz. This is a composite of 46 T0 = 30‐min subsets for C10 and 44 subsets for C13 occurring on 4
May 2014. The vertical lines denote frequencies of 1/60, 0.19, and 0.29 Hz. Spatial scales are solid, and velocity scales are
dashed. DOF > 1,800. DOF = degree of freedom.
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show anisotropy beginning near 0.09 Hz for all three wind ranges and is near the high end of the shear pro-
duction range (10−3 to 10−1 Hz) from Mikkelsen et al. (2017). The manifestations of this are reflected in the
statistics of the turbulent velocity and spatial scales from Table 4 where the across scales for both velocity
and length are very roughly 2 times larger than those along the mean vector wind.

4. Discussion

An opportunity to look at small turbulence scales in two at‐sea locations over the WFS where 1‐s wind data
were collected during 2013 and 2014 provides a unique window into the high frequency variability in this
domain that is so important in our goal to improve the momentum flux algorithms operant in numerical
models that employ coupling schemes that may not be optimal. Our ultimate goal is to improve both the
model ocean circulation fields and the model atmospheric circulation fields over theWFS domain. Wemake
no claim that this is an unprecedented data set, but there is a paucity of suitable data obtained in at‐sea envir-
onments where these issues of air‐sea interaction can be examined against the background of what is pre-
sently known about the transfer of momentum to the sea surface.

We suggest that T0 = 1,800 s (30 min) is a reasonable mean vector wind time scale for the unique WFS
domain in computing mean vector wind velocities and falls within the spectral gap as described by
Harper et al. (2009). Moreover, this time scale also provided an ensemble of subsets for each of the events
discussed here that are quasi‐stationary. These subsets are essentially independent, by virtue of the indepen-
dence time scales described in section 3.2 above and are akin to the flight legs described in Zhang et al.
(2009). Their data were obtained from aircraft over periods of 3 min or more.

Whether or not local isotropy and Kolmogorov's similarity hypothesis can be exploited is a question that has
been addressed in a limited way because of the shortcomings of our 1‐s sample rate. Nevertheless, we were
able to compute where the −5/3 law appears to be operant (wind range I for C13) and were able to compute
the turbulent quantities: ε, u*, τ, and Cd (the dissipation rate, the frictional velocity, the surface stress, and
the drag coefficient, respectively). For the other cases where there were deviations from the −5/3 power
law, we could still tease out the intrinsic turbulent velocity and spatial scales in Figures 10–12, derived
directly from the one‐dimensional turbulent power spectra ф(f) provided in Figures 7–9.

For the particular event in wind range I for C13, the −5/3 power law appears to be relevant. But the turbu-
lent quantities derived therefrom (ε, u*, τ, and Cd) yielded values considerably larger than expectations in a
typical atmospheric surface layer (Högström, 1996). We compared these values with the bulk statistics for
this event that consisted of 21 subsets of 1,800 s each using a variable drag coefficient (Cd) as described in
Large and Pond (1981). The results yield turbulence parameters that underestimate the statistics in
Table 3 by a factor of approximately 2 or more. Donelan et al. (1997) analyzed high‐resolution wind data
from ship observations. They found discrepancies between drag coefficients derived from dissipation esti-
mates and those derived using the method of Large and Pond (1981) and suggest that these differences
may be due to the effects of opposing swells in conditions of moderate and light winds. Wave state may also
be a factor (Drennan et al., 1999). How this might impact the momentum flux algorithms in our WFS circu-
lation models is unclear. What we take from this is that there appears to be dissipation rates and surface
stresses that are larger than standard models would suggest. The larger than expected drag coefficients
and fluxes in our study may be related to swells and or wave state as described above or they may be real.
This can be tested in the future when collocated wave observations become available. Admittedly, the short-
comings of not having data that sample all three turbulent velocity components is something that can only
be addressed with more observations using sample rates of at least 5 Hz (Harper et al., 2009).

The intrinsic turbulent velocity and spatial scales for all three wind ranges derived directly from ф(f) are
summarized in Table 4 over the higher end (0.15 to 0.29 Hz) for those that are plotted in Figures 10–12.
These span frequencies from 0.01 up to 0.3 Hz. The base length scales (Lb = U0/f) range from 1,220 m down
to 25 m for all three wind ranges. All turbulent spatial scales above 0.1 Hz are of order 1 m or less and range
from 0.2 to 2 m. In particular, the fidelity to the −5/3 power law as represented by C13 in wind range I pro-
vides turbulent spatial scales that are 0.33 ± 0.09 m for the along component and 0.59 ± 0.1 m for the across
component. The velocity scales are 6.4 ± 0.8 cm/s for the along component and 11.5 ± 0.3 cm/s for the across
component. These values on the order of meters and centimeters are consistent with the small‐eddy limit in
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the inertial subrange and may apply despite evidence of anisotropy (Bewley et al., 2012; MacCready, 1962).
Whether or not these scales relate to the eddies themselves is a question that remains unresolved. To this
point, Mikkelsen et al. (2017) state that the smallest eddy sizes within the shear production subrange are
of a size roughly on the order of the measurement height (10 m) above which isotropy cannot be assumed
as these eddies sense the presence of the surface boundary, an order of magnitude larger than those in
Figures 10–12. These then cascade to smaller and smaller scales down to fractions of a meter
(Kolmogorov length scales). From his data over ground at 10 m the −5/3 power law appears extant for
frequencies above 0.1 Hz unlike the slope for C13 in wind range I, which begins near 0.15 Hz (Figure 7).
Moreover, near 0.1 Hz (Figure 10) the turbulent spatial scales are of order 1 m, an order of magnitude less
than 10 m, yet here is where there appears to be evidence of anisotropy spanning frequencies from
0.09 Hz all the way to the limit of 0.3 Hz and suggests that eddy size is not a factor.

The efficacy of our analyses point to deviations from the Kolmogorov similarity hypotheses that entail
assumptions of isotropy and that eddy motions in the inertial subrange may be assumed to be independent
of viscosity and thus determined entirely by the rate of energy transfer which in turn is equal to the rate of
energy dissipation. However, despite evidence of anisotropy from Figure 10, the −5/3 power law as repre-
sented by C13 in wind range I (Figure 7) seems to be valid from 0.15 to 0.25 Hz.

From Zhang et al. (2009), Zhang (2010), and Zhang et al. (2011), the fidelity to the−5/3 power law applies for
frequencies above 0.1 Hz and isotropy appears to be valid. But these observations were obtained aloft in
aircraft well above 100‐m height and thus are unlikely to sense the surface boundary to the extent present
in our data. Mikkelsen et al. (2017) also acknowledge the effects of the surface boundary in compromising
assumptions of isotropy near the surface but also shows good agreement with the −5/3 power law.

Finally, our results point to a need for more observations particularly in sampling all three wind components
where momentum flux can be computed directly. Also, the larger than expected turbulence quantities we
found (Table 3) should require a closer examination of momentum flux algorithms presently operant in
numerical models of ocean and atmospheric circulation fields over the WFS domain.
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